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Analysis of blood product use after cardiac operations reveals that a few patients (<20 %)
consume the majority of blood products (>80%). The risk factors that predispose a mi-
nority of patients to excessive blood use include patient-related factors, transfusion prac-
tices, drug-related causes, and procedure-related factors. Multivariate studies suggest
that patient age and red blood cell volume are independent patient-related variables that
predict excessive blood product transfusion after cardiac procedures. Other factors in-
clude preoperative aspirin ingestion, type of operation, over- or underutilization of hep-
arin during cardiopulmonary bypass, failure to correct hypothermia after cardiopulmonary
bypass, and physician overtransfusion.
A survey of the currently available blood conservation techniques reveals 5 that stand

out as reliable methods: 1) high-dose aprotinin therapy, 2) preoperative erythropoietin
therapy when time permits adequate dosage before operation, 3) hemodilution by har-
vest of whole blood immediately before cardiopulmonary bypass, 4) autologous pre-
donation of blood, and 5) salvage of oxygenator blood after cardiopulmonary bypass.
Other methods, such as the use of £-aminocaproic acid or desmopressin, cell saving
devices, reinfusion of shed mediastinal blood, and hemofiltration have been reported to
be less reliable and may even be harmful in some high-risk patients.

Consideration of the available data allows formulation of a 4-pronged plan for limiting
excessive blood transfusion after surgery: 1) recognize the causes of excessive transfu-
sion, including the importance of red blood cell volume, type of procedure being per-
formed, preoperative aspirin ingestion, etc.; 2) establish a quality management program,
including a survey of transfusion practices that emphasizes physician education and
availability of real-time laboratory testing to guide transfusion therapy; 3) adopt a multi-
modal approach using institution-proven techniques; and 4) continually reassess blood
product use and analyze the cost-benefits of blood conservation interventions. (Tex
Heart Inst J 1995;22:216-30)

omologous blood transfusion during and after cardiac operations is asso-
ciated with greater postoperative morbidity (including more disease trans-
mission' 2 and greater risk of infection and immunosuppression3'4) and

higher procedural costs.5'6 Coronary artery bypass grafting (CABG) and other car-
diac procedures are among the most frequently performed operations and account
for approximately 10% of all red blood cell units transfused.' Competing forces
have kept the use of blood products from decreasing. For example, patients un-
dergoing cardiac procedures are older and at higher risk, and often require longer
operations and greater use of blood products. At the same time, efforts have been
undertaken to reduce patient exposure to homologous blood through aggressive
blood conservation strategies.&" The action of these 2 forces generally results in
a spectrum of blood product transfusion similar to that shown in Figure 1, which
introduces data from patients undergoing CABG at our institution in 1993. This
distribution pattern has been duplicated at other institutions'2 (by VAF) and is a
surprisingly consistent reflection of transfusion incidence for CABG in particular,
and for cardiac procedures in general. One remarkable feature of this distribution
is that approximately 20% of patients account for more than 80% of the total blood
product transfusion required in patients undergoing cardiac procedures. For the
purposes of this review, and based on results similar to those shown in Figure 1,
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Fig. 1 Distribution frequency of blood product transfusion in
939 patients undergoing coronary artery bypass grafting at
Albany Medical Center in 1993.

we consider patients who have received more than
4 units of homologous donor blood products as hav-
ing been exposed to excessive blood product trans-

fusion after cardiac surgery. This means that about
20% of patients undergoing CABG procedures are

in a high-risk category, and these patients consume
more than 80% of the blood products transfused.

Analysis of excessive blood product use in cardiac
surgical patients suggests that patient factors, trans-

fusion practices (physician-related), drug usage (as-
pirin and heparin), and procedure-related factors
contribute to the disproportionate amount of blood
products used in certain patients. 11-19 This review
seeks to identify the causes of excessive transfusion
and to examine blood conservation measures that
are taken in order to limit excessive postoperative
blood product use. Synthesis of such information
allows formulation of a therapeutic strategy to limit
excessive use of postoperative blood products.

Causes of Excessive
Blood Transfusion

Patient-Related Causes
The frequency distribution of blood transfusion, as

seen at our institution (Fig. 1), suggests that the
greatest gains in limiting postoperative blood prod-
uct transfusion will be made by focusing on the sub-
set of patients in whom the most blood products are

used. Variables that place patients at high risk for
excessive blood product transfusion have not been
well described, but analysis of the current literature
allows some conclusions to be drawn.

Perhaps the most important preoperative variable
associated with excessive blood product use is the
packed red blood cell volume (blood volume times
hematocrit), which is a combination variable that ac-

counts for both preoperative anemia and low circu-
lating blood volume and, in addition, has intuitive

appeal. For example, older women (with lower cir-
culating blood volume than that of age- and size-
matched males) may have preoperative anemia from
any of several causes (including iatrogenic causes
such as recent cardiac catheterization or frequent
drawing of blood while in the coronary care unit).
Such patients are likely to require excessive postop-
erative blood product transfusion simply to offset
normal operative blood loss and the loss that oc-
curs as a result of hemodilution. The red blood cell
volume (RBCVOL) is a variable that quantitates this
clinical impression, and its components have been
found to be independent predictors of excessive
blood product transfusion in several studies.112'16
The RBCVOL also correlates with postoperative

hospital length-of-stay, as shown by our results in
Figure 2. It would seem that patients who require
excessive blood transfusion would tend to be hospi-
talized longer after operation, but we* and others
have not been able to identify such an association.20
In fact, 1 study suggests that patients whose blood
volume is replaced to the extent that their discharge
hematocrit level is greater than 33% have a signifi-
cantly shorter length-of-stay in the hospital com-
pared with patients who have lower discharge
hematocrit levels.20 Two divergent factors may ac-
count for this lack of correlation. One is that there is
a tendency for some physicians to over-transfuse
patients, which may result in excessive blood prod-
uct transfusion unrelated to serious illness. The 2nd
is that some patients require excessive blood prod-
uct transfusion because of a genuine hemorrhagic
diathesis after operation. The causes of the diathesis
can be multiple, but this complication is different
from simple over-transfusion. In the case of simple
over-transfusion, no prolongation in hospital stay is
expected, while in the case of hemorrhagic diathesis,

Ferraris VA. Unpublished observation, 1993.
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prolonged hospitalization might well occur. Because
these 2 competing forces, and probably others, con-
tribute to excessive blood product use after op-
eration, the lack of association between hospital
length-of-stay and excessive blood product transfu-
sion is not surprising.
Advanced patient age has been shown to be a risk

factor for blood product transfusion after CABG.
Older age correlates with decreased bone marrow
reserves and may be useful as an index of decreased
circulating blood volume, much like RBCVOL. 12
Older patients (>70 years) have an above-average
incidence of significant postoperative mediastinal
hemorrhage, and this risk of bleeding seems to cor-
relate with higher postoperative mortality rates.'9

Physician-Related Causes
("Transfusion Triggers")
Controversy exists regarding the optimal hemoglo-
bin level for patients during the period immediately
after cardiopulmonary bypass (CPB). Most patients
subjected to self-limiting anemia can tolerate hemo-
globin levels as low as 7 g/dL, although tolerance of
this level of anemia has been questioned in older
literature.2' More recent literature suggests that self-
limited hemodilution to a hematocrit level of 15%
may be tolerated in anesthetized human beings af-
ter coronary artery bypass surgery without serious
sequelae.22 For patients who have impaired cardio-
vascular status or chronic anemia, there are insuffi-
cient data to determine the lower limits of postoper-
ative anemia or coagulation abnormalities that can
be tolerated; therefore, transfusion practices are es-
pecially susceptible to clinical judgment. Although
clinical guidelines for blood product transfusion
have been developed23-28 (Table I), there is still wide
variability in the amount of blood products trans-
fused in similar groups of patients by different phy-
sicians.6'5'8293" Some improvement in this inexact
process has been reported with the use of transfu-
sion algorithms based on standard guidelines,"' but
much work remains to be done in this area.
The most important factor in reducing excessive

postoperative blood transfusion may be the educa-
tion of physicians in transfusion practices and the
use of standardized transfusion algorithms. A neces-
sary preliminary step is a review of the blood trans-
fusion practices in use at a particular institution,
because of the variability in attitudes and practices
with regard to postcardiac surgical blood transfu-
sion."' Improving the process of blood transfusion
practices is analogous to initiating total quality man-
agement or "TQM" of a given manufacturing proc-
ess. This approach was developed by W. Edwards
Deming in his book Out ofthe Crisis32 and has been
applied to the "process" of congenital heart surgery

for transposition of the great vessels.33 Quality im-
provement programs in transfusion practices, aimed
at educating physicians and improving their prob-
lem-solving capabilities, should eventually lower the
incidence of excessive blood transfusion after sur-
gery.

Drug-Related Causes
Aspirin. The pathogenesis of severe bleeding

after CPB has been attributed to platelet dysfunc-
tion.3435 Modern platelet function testing has sug-
gested that no intrinsic platelet defect arises from
routine CPB.363' It seems likely that interaction of
platelets with other blood cell elements, with fibri-
nolysis products, or with heparin may be respon-
sible for the CPB-induced platelet-related hemostatic

TABLE 1. Guidelines for Reducing Homologous Blood
Transfusion

Bleeding after Cardiopulmonary Bypass

* Therapy is directed to specific coagulation or platelet
disorders.

* Transfusion may need to be given on the basis of clinical
evaluation before laboratory data are available.

* Thrombocytopenia (<1 00,000/L) with microvascular
bleeding is indication for platelet transfusion.

* Plasma transfusion is indicated to replace suspected or
documented multiple clotting factor deficiency.

* Cryoprecipitate should be used for hypofibrinogenemia
(<100 mg/dL).

* Massive transfusion (more than 1 patient blood volume)
should be the most common setting for multiple non-RBC
component therapy.

* Real-time availability of laboratory data is recommended to
allow rational use of component therapy.

Blood Conservation

* No transfusion is indicated unless there is evidence of
clinical bleeding. (Transfusion should not be given in
response to isolated abnormal laboratory test.)

* Multiple blood conservation measures are more likely to be
successful than a single measure.

* Institutional protocol with TQM32 problem-solving approach
is best, enlisting surgeons, blood bank personnel, anesthesi-
ologists, perfusionists, etc.

Measures Not Indicated

* Designated donor blood transfusions.

* Prophylactic plasma or platelet transfusions.

* Platelet transfusion for thrombocytopenia without microvas-
cular bleeding.

RBC = red blood cell; TQM = total quality management
for improving outcomes after operative intervention
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abnormality. Nonetheless, most blood transfusion
consensus guidelines (Table I) have been formulated
on the assumption that CPB creates an intrinsic
qualitative platelet function defect.

If platelet dysfunction is created by CPB, it seems
logical that drugs that interfere with platelet aggre-
gation or adhesion would alter postoperative hemo-
stasis adversely and contribute to excessive blood
transfusion. Aspirin has been shown to irreversibly
inhibit platelet cyclooxygenase and limit the platelet
release reaction.38 In 1988, we showed that aspirin
ingestion before CABG resulted in excessive post-
operative blood transfusion.39 Since then, several
important observations have been made concerning
the effects of preoperative aspirin ingestion. In 1990,
the results of a large cooperative trial4" of aspirin use
before CABG confirmed that more blood loss and
more transfusion requirements occurred in patients
given preoperative aspirin. This study40 showed that
although aspirin predisposes patients to postopera-
tive bleeding, it also confers beneficial effects on
intermediate-term graft patency. This knowledge has
resulted in an increase, rather than a decrease, in
preoperative aspirin administration. We believe that
postoperative bleeding in aspirin users is generally
controllable; therefore, we do not delay operation
because of recent aspirin use, except for occasional
cases of patients with very prolonged preoperative
bleeding times, or other high-risk situations such as
difficult reoperative surgery.

There is still a subset of aspirin users who have
substantial bleeding problems after CPB. An im-
portant observation in our original study39 was that
approximately 15% of patients given preoperative
aspirin had an abnormally prolonged preoperative
bleeding time and had to be withdrawn from the
randomized part of the study. This has proved to be
a consistent finding.4' Between 15% and 20% of pa-
tients who ingest aspirin have an abnormally pro-
longed bleeding time of greater than 10 minutes and
are considered aspirin hyperresponders. Preopera-
tive bleeding times are useful in identifying the high-
risk subset of aspirin users who might benefit from
any of several blood conservation interventions.

Progress has been made toward identifying the
aspirin-related defect in coagulation after CPB and
explaining the phenomenon of aspirin hyperrespon-
siveness. Cyclooxygenase (COX) has been shown to
exist in at least 2 isoforms, termed COX-1 and COX-
2.4244 Both forms are inhibited by aspirin but to
different extents; COX-1 is much more sensitive
to aspirin inhibition than is COX-2 in most tissues
studied.4547 This suggests that the effect of aspirin
depends on the relative amounts of the COX isoen-
zymes in a given patient.

Postoperative hemostasis is undoubtedly the re-
sult of interaction between tissue and blood cell

components, with plasma factors, platelets, white
cells, and endothelial cells all contributing to suc-
cessful control of bleeding.3-'4748 Therefore, imbal-
ances in the expression of COX-1 and COX-2 in any
or all of these components may alter postoperative
hemostasis. From a practical standpoint, aspirin
hyperresponsiveness is probably related to an imbal-
ance in COX isoforms that allows anticoagulant fac-
tors such as prostacyclin production to predominate
in select individuals after operation. Several investi-
gators have found that, because of the molecular
heterogeneity in the cyclooxygenase enzyme sys-
tem, aspirin use does not increase homologous
blood transfusion after elective CABG.49'50 A better
understanding of the way in which aspirin alters the
cellular components of hemostasis at the molecular
level will eventually provide clinical benefit by re-
ducing blood transfusion in high-risk patients.

Heparin. At present, heparin is the most widely
used anticoagulant for cardiac surgery. Heparin
exerts its anticoagulant effect by accelerating the
formation of a molecular complex between anti-
thrombin III and the serine proteases of the coag-
ulation system, especially thrombin. The clotting
and platelet aggregation functions of thrombin are
greatly reduced in the presence of the heparin-
thrombin-antithrombin III complex. It is important
to note that prothrombin activation and thrombin
activity are not completely inhibited by heparin dur-
ing cardiac procedures: elevated amounts of acti-
vated thrombin are present at the end of CPB.51-53
This suggests that thrombin bound to fibrin or syn-
thetic surfaces is resistant to antithrombin III-hep-
arin inhibition and is therefore able to facilitate
further thrombin generation. The ongoing thrombin
activation that occurs during CPB consumes clotting
factors, activates platelets, and may contribute to ex-
cessive blood use after CPB. Because of its inability
to completely prevent thrombin activation, heparin
may not be the ideal anticoagulant for CPB.54 Other
thrombin or platelet inhibitors, such as dermatan
sulfate,54 thrombin aptamer,55 low-molecular-weight
heparins,56 synthetic thrombin inhibitor peptides,5'
recombinant hirudin (a leach protein),58 and even
certain viper venoms59 have undergone limited
preclinical and clinical trials as anticoagulants for
CPB and may prove useful in the future. One impor-
tant advantage of heparin use is the ready availa-
bility of a neutralizing agent, protamine. Other
antithrombins do not have comparable antidotes to
allow easy reversal of the anticoagulant effect.
An important shortcoming of heparin is its ability

to inhibit platelet function and increase fibrinolysis
independent of CPB.1,61 Heparin appears to prolong
the bleeding time, increase the products of fibrin
degradation,60 and cause excessive bleeding in cer-
tain patients undergoing CPB.61l62 Studies have sug-
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gested that increased use of heparin during CPB re-
sults in increased blood transfusion or abnormalities
in coagulation parameters after heparin neutraliza-
tion, post-CPB.61'4 The mechanism of this effect may
be related to the presence of heparin-binding pro-
teins that are capable of sequestering heparin and
allowing slow release of heparin into the circulation
after CPB65 or to the direct toxic effects of heparin
on platelets and the fibrinolytic system.''2 The re-
sulting coagulation abnormality may contribute to
excessive postoperative blood transfusion.

Antithrombin III (AT III) levels decrease during
CPB,'6 which may affect intraoperative thrombin
generation. In 1 clinical trial, supplementation of the
CPB prime with AT III resulted in decreased throm-
bin activation during CPB.' These results suggest
that AT III reduces the activation of the coagulation
cascade and may limit postoperative blood transfu-
sion. Since commercial preparations of AT III are
available that have no risk of disease transmission,
this drug may be a reasonable candidate for blood
conservation intervention. However, this hypothesis
needs to be tested in a larger controlled clinical set-
ting.

Procedure-Related Causes
Several procedure-related events are undoubtedly
responsible, at least in part, for excessive postopera-
tive blood transfusion. Perhaps the most important
factor is the type of operation performed: CABG,
valve procedures, or the 2 in combination; other
complex procedures (valve conduit, double valve
replacement, arch aneurysm repair, etc); or reopera-
tion. Procedures that involve combined interven-
tions are more frequently associated with excessive
blood transfusion than is isolated CABG."' This is
true for both first-time procedures and reoperations.
Results at our institution support this contention
(Fig. 3). An important conclusion from these findings
is that patients with low RBCVOL who undergo a
procedure other than CABG are at especially high
risk of excessive postoperative blood transfusion.
Moreover, the greatest postoperative blood trans-
fusion requirements occur in patients with low
RBCVOL who undergo complicated reoperative sur-
gery, and it is in this subgroup that a successful
blood conservation strategy will have the greatest
impact.
One often-overlooked procedure-related event

that may contribute to excessive blood product use
is systemic hypothermia. Hypothermia has been
shown to cause a reversible platelet function de-
fect 17,6769 which is manifested by prolonged bleed-
ing time and is associated with hyperfibrinolysis and
complement activation.69 These results emphasize
the importance of restoring to normal both core and
peripheral temperatures before turning to the trans-
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fusion of homologous blood products. In an effort to
avoid the hemostatic abnormalities associated with
systemic hypothermia, surgeons have performed
warm heart surgery with cold 0 and warm-' cardio-
plegia, each with good results; however, no signifi-
cant improvement in the postoperative use of blood
products has been shown.'2

Laboratory Diagnosis

Several authors have pointed out the poor predic-
tive value of the usual clotting tests in screening
cardiac surgical patients for the risk of excessive
bleeding.3", Perhaps the simplest screening tech-
nique is the estimation of the RBCVOL (blood vol-
ume times hematocrit). The blood volume can be
estimated from any of several tabulations that com-
pute blood volume based on body surface area,
sex, and age. In our experience, patients with an
RBCVOL of less than 1600 cc have a significantly
higher risk of excessive postoperative blood trans-
fusion, but this level of RBCVOL should be verified
at each institution. In the high-risk subset (RBCVOL
<1600 cc), we have found the template bleeding time
to be helpful in identifying patients who are at even
greater risk.'2 Patients with a bleeding time longer
than 10 minutes and a low RBCVOL are at extremely
high risk for receipt of excessive postoperative blood
transfusion.
Many postoperative blood transfusions are given

in response to a clinical suspicion of nonsurgical
excessive bleeding. There is a wide variation in the
way physicians respond to this clinical suspicion,
because 1) there is no consensus on a diagnostic test
sufficient to identify abnormal clotting or aggrega-
tion, and 2) there is limited use of real-time testing
to provide instantaneous on-site measurements of
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platelet and clotting function. Although the predic-
tive value of the usual clotting tests in screening car-
diac surgical patients for risk of excessive bleeding
is poor,73'4 such tests can be used for both diagnosis
and management of specific coagulation disorders
after CPB, provided that test results are available in
a timely manner.-5"' The importance of real-time co-
agulation testing cannot be overemphasized, since a
rational response to abnormal coagulation tests is an
important method of reducing unnecessary blood
transfusions and limiting excessive blood use after
cardiac operations."' An important component of
any blood conservation strategy is the ready avail-
ability of accurate diagnostic tests of coagulation and
platelet function.

On-site, real-time laboratory tests for prothrombin
time, partial thromboplastin time, thrombin time,
fibrinogen levels, activated clotting times, heparin
concentration, and platelet counts are now commer-
cially available. Carefully constructed clinical trials
are needed to test whether or not real-time coagula-
tion testing with blood transfusion directed by ab-
normal test results is a cost-effective measure. It
could be that the savings in blood product would
more than offset the additional expense of purchas-
ing and performing real-time coagulation tests.

Other laboratory tests have been used to detect
whole-blood global coagulation abnormalities in the
operating room. These include thromboelastogra-
phy,6? Sonoclot determinations,8 and hemosta-
tometry.61'79 The main potential advantage of these
tests is the real-time availability of the results on site.
Clinical trials to measure the effectiveness of these
global tests in guiding transfusion therapy and limit-
ing excessive blood usage are lacking.

As discussed previously, heparin has a direct toxic
effect on some of the components of hemostasis af-
ter CPB. It follows that the optimal use of heparin
involves effective neutralization of prothrombin ac-
tivation and limitation of the direct toxic effects on
platelets and the fibrinolytic system. From a clinical
viewpoint, this means avoiding excessive heparin
dosage but using enough to reduce prothrombin ac-
tivation to a minimal level. The activated clotting
time (ACT) has been used to monitor heparin levels
during and after CPB, but ACT measurements do not
correlate well with plasma heparin levels.8"2 The
ACT is particularly insensitive to low plasma heparin
levels. This deficiency in the ACT has led to the de-
velopment and use of whole blood heparin concen-
tration analysis using protamine titration, resulting in
a measurement that correlates well with plasma hep-
arin concentration.82 Further studies are needed to
determine whether maintaining optimal heparin lev-
els during CPB with whole blood heparin measure-
ments can minimize the toxic side effects of heparin
and limit excessive blood transfusion.

Interventions

Reporting Results of Blood
Conservation Interventions
A review of the medical literature concerning the
measures used to reduce blood loss and blood trans-
fusion after cardiac procedures yields numerous con-
flicting reports on the efficacy of any given blood
conservation intervention (Table II). Part of the ex-
planation for this diversity may be in the lack of uni-
formity and completeness in reporting the results of
blood conservation interventions, as described in a
recent editorial.83 Several features of this editorial are
worth emphasizing. First, studies that use postopera-
tive chest catheter output as an index of blood vol-
ume loss are misleading, since chest tube blood loss
does not necessarily correlate with postoperative
blood transfusion. Second, as shown in Figure 1, the
distribution of blood product transfusion is not a
normal distribution; therefore, statistics that evaluate
the significance of a given blood conservation inter-
vention should use nonparametric methods rather
than the Student's t-test or other tests that assume
normal variance. Third, many of the clinical studies
that describe the effects of blood conservation are
not randomized, which increases the possibility of
investigator bias and makes it imperative that inves-
tigators characterize completely the patients in each
treatment group. Fourth, it is essential that compari-
sons of blood conservation interventions state ex-
plicitly the criteria used for transfusion ("transfusion
triggers"), because the variability in transfusion prac-
tices of individual surgeons and in the reporting of
such interventions makes comparisons difficult, and
perhaps impossible, in some cases. In this review,
we have attempted to be as complete and current as
possible in our review of the literature. However, we
have included only papers that appeared to meet
most or all of the above-mentioned standards so that
meaningful comparisons could be made regarding
excessive postoperative blood transfusion. For con-
sideration of the efficacy of blood conservation
interventions, the sparing of postoperative blood
transfusion was used as the primary measure of suc-
cess.
Many authors have emphasized the importance of

a multifactorial approach to conserving blood and
limiting excessive transfusion."""3"6 These reports
provide good evidence that a combination of blood
conservation interventions is more beneficial than
the sum of the individual components. Any viable
strategy for limiting excessive blood transfusion af-
ter cardiac procedures should identify the institu-
tion-specific blood conservation interventions that
are helpful and apply these interventions in combi-
nation. This multifactorial approach is especially
valuable for high-risk patients.
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Drug Interventions
Aprotinin. Of all the drugs used to minimize post-

operative bleeding and reduce blood transfusion,
aprotinin has proved to be the most successful. To
our knowledge there have been no published re-
ports suggesting that high-dose aprotinin does not
limit postoperative bleeding. No other blood conser-
vation drug has a comparable record (see Table II).

Although there can be little doubt about apro-
tinin's efficacy in limiting excessive blood transfu-
sion,84 there is a lack of consensus concerning the
routine use of this drug for all cardiac procedures
requiring CPB. At present there are mixed reports
regarding the benefit of low-dose regimens as op-
posed to the high-dose (Hammersmith84) regimen in
limiting blood loss and preventing blood transfu-

sion.85') The cost of a full-dose aprotinin regimen is
substantial: equivalent to the cost of about 8 to 10
units of blood. In addition, the use of aprotinin in
operations that may involve periods of circulatory
arrest must be viewed with caution, since aproti-
nin may predispose the patient to microvascular
sludging and thrombosis.87 Initial studies using apro-
tinin in reoperative coronary surgery suggested that
aprotinin was associated with decreased early graft
patency.8- Since then, 3 randomized studies have
shown that there is no significant difference in early
graft patency between patients given aprotinin and
those in a control group.89'91 A potentially beneficial
feature of aprotinin is its ability to act as an anti-
protease in the microcirculation. Indeed, the drug
may ultimately be used for stabilizing the micro-

TABLE 11. Efficacy of Perioperative Blood Conservation Interventions

Efficacy of Intervention (Reference Number)

Intervention Positive Negative Consensus

Drugs

Aprotinin 84, 87, 88, 90 +++

E-Aminocaproic acid 94, 96, 97, 101 95, 98, 99, 100 +/-
and tranexamic acid

Erythropoietin 103, 104, 105, 106 102 ++

Desmopressin 107 108, 109, 110, 111,
112, 113, 114

Devices

Heparin-bonded 119, 120, 121 118 +/-
circuits

PRP saver 122, 123, 124 125, 126, 127, 128 +/-

Cell saver 129,130,131 132,133,134 +/-

Circulatory pumps 137 *

Other

Shed blood 139, 140, 141 131, 142, 143, 144,
reinfusion 145, 146, 147, 148

Blood pooling 10, 22, 149, 150, 122 ++
(hemodilution) 152

Predonation 103, 105, 155, 156, 162 ++
157, 158, 159

Pump salvage 136, 164,165,166 +++

Hemofiltration 132, 135 133, 134 +/-

+++ = all positive
++ = mostly positive
+/- = mixed
- = mostly negative

PRP = platelet-rich plasma

*Insufficient data
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circulation and limiting the total body inflamma-
tory response after CPB, especially in high-risk
patients.92'93

Antifibrinolytics Other Than Aprotinin. While
aprotinin is an irreversible inhibitor of the fibrino-
lytic system and other serum proteases, other drugs
are available that are competitive inhibitors of plas-
min. E-Aminocaproic acid and tranexamic acid are 2
such inhibitors that have been used in several clini-
cal studies with mixed results.94"101 Most positive
studies show some improvement in chest drainage
but lesser effects on blood product use. High doses
of tranexamic acid may be associated with an in-
creased rate of perioperative myocardial infarction;
therefore, the high-dose regimen is not recom-
mended.95

Erythropoietin. Recombinant human erythropoi-
etin has been used to increase the red cell mass in
patients before surgery.'02"105 This drug can be ad-
ministered subcutaneously"'0 and is especially effec-
tive in anemic patients.'02 The main side effect is
systolic hypertension; another disadvantage is that
the dosing regimen requires several doses to be
given over a 2- to 3-week interval. Erythropoietin
has been used to augment patients' red cell mass in
preparation for autologous blood predonation.'02"103
A recent study in patients undergoing orthopedic
procedures found that erythropoietin provided no
clinical benefit to autologous blood donors unless
the patients had preoperative anemia. 102 A logical ex-
tension of these findings is that patients who are at
high risk for excessive postoperative blood transfu-
sion may benefit from a delay of their cardiac pro-
cedures while erythropoietin therapy is given to
replenish red cell mass. Of course, it is not possible
to delay operation in all patients; however, when
possible, this therapy might allow less blood use
and lead to reduced postoperative morbidity. Eryth-
ropoietin may also prove to be extremely useful in
Jehovah's Witness patients who have preoperative
anemia. 106

Desmopressin. After initial enthusiasm for desmo-
pressin as an agent that limited blood transfusion,'07
several reports showed no clinical benefit from des-
mopressin after cardiac procedures. 11"'14 Because of
the overwhelming preponderance of negative stud-
ies appearing in the literature, desmopressin cannot
be recommended for use in limiting postoperative
blood transfusion after cardiac surgery.

Interventions with Devices
Heparin-Bonded Circuits. Many vasoactive sub-

stances are released into the circulation as a result
of CPB; the combination of compensatory changes
in hemostasis, fluid shifts, and cellular and hormonal
defense reactions has been termed the "whole body
inflammatory response.""5"'117 In an effort to limit

the release of these inflammatory mediators and
decrease postoperative bleeding, perfusion circuits
coated with heparin have been introduced into clini-
cal practice. This introduction has occurred with
surprisingly little efficacy testing, most likely be-
cause governmental regulations covering perfusion
devices are much less stringent than those for im-
plantable devices (e.g., valves and pacemakers).

Heparin is bound to the CPB circuit by 2 different
methods. One (Carmeda-bonded) involves endpoint
attachment of heparin to the synthetic surface and
leaves the active site of heparin exposed and ca-
pable of binding AT III. The other (Duraflo II) in-
volves binding of heparin to the synthetic surface in
a manner such that the active site is not exposed and
is not capable of binding AT III. Multiple preclinical
studies have been performed using both of these
circuits, and each seems capable of altering some
aspects of the inflammatory response and preserv-
ing hemostatic integrity. However, only 4 clinical
studies have appeared in the literaturell'182l that ask
whether or not heparin coating of the oxygenator
and tubing can reduce blood utilization. One of
these studies,"8 which used non-AT-III-active cir-
cuits (Duraflo II), found no benefit in blood conser-
vation, although there was biochemical evidence
that platelet activation was decreased. Three other
studies"'9"2' using AT-Ill-active circuits suggested
that blood loss was decreased; however, the num-
bers of patients enrolled were small. Therefore, it is
difficult to draw firm conclusions regarding the ef-
fect of heparin-bonded circuits on excessive blood
transfusion based on these studies."'192' It may be
that heparin coating of the bypass circuit has a sec-
ondary benefit of allowing reduced systemic doses
of heparin, thus limiting CPB-induced damage to
hemostasis. This is an area where cost-benefits must
be carefully analyzed, since heparin-bonded circuits
usually add to the cost of CPB.

Preoperative Platelet-Rich Plasma Harvest. Several
well-designed clinical trials have been carried out
using commercially available centrifugation appara-
tuses that allow harvest of autologous platelet-rich
plasma before operation, followed by reinfusion af-
ter operation. The theoretical advantage of this ap-
proach is that platelets and plasma components are
spared the exposure to CPB, and more hemostat-
ically active platelets are available after operation.
The findings of these clinical trials have been mixed
(Table II): several studies have reported favorable
results;22"24 others have shown no benefit.'25"28 At
present, the use of plateletpheresis as a routine blood
conservation method is questionable, since this tech-
nology adds additional expense to CPB without sub-
stantial proven benefit. Certain high-risk patients
may benefit from this technology as part of a multi-
faceted approach.'22
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CGell Saving. Several methods of intraoperative
blood salvage are commercially available and have
been tested in clinical trials. Perhaps the most widely
used of these salvaging techniques involves centrifu-
gation of blood that has been suctioned from the
operative field and mixed with heparin. The centri-
fuged product (mainly red cells) is then returned to
the patient minus platelets and clotting proteins. The
advantage of this technique is that it can be used
throughout the operative period, from before hep-
arin administration into the early postoperative pe-
riod. The same setup can be used to salvage blood
remaining in the oxygenator after CPB, and to wash
red cells shed from the inediastinum into chest tube
collection devices. Several studies have found that
this technique can result in decreased blood transfu-
sion,'29-131 while others have not found significant
benefit. 132-134 The additional cost and the doubtful
benefits of cell centrifugation suggest that the use of
a cell saving device may not be cost-effective. 30

Other techniques, such as direct infusion or ultrafil-
tration, do not involve as much additional cost as the
cell saving apparatus and are equally effective in
limiting postoperative transfusion.'35 In addition, be-
cause centrifugation is included with the use of the
cell saving device, there can be a loss of serum pro-
teins in certain patients with low blood volume and
hypoproteinemia. 131

Neuer Pump Devices. Other devices that are in
earlier stages of clinical development may prove use-
ful in limiting postoperative transfusion. These de-
vices include the Hemopump® Cardiac Assist System
(Johnson & Johnson Interventional Systems, Inc.;
Rancho Cordova, California) and the centrifugal
pump. The Hemopump is a high-speed rotary car-
diac assist device that has been used to support the
circulation during coronary revascularization. 136 This
new technology holds great promise for reducing
blood transfusion, since it avoids many of the draw-
backs of CPB, including high-dose heparin therapy
and cardioplegic arrest. At present, open cardiac
procedures such as valve operations and ascending
aortic aneurysm surgery cannot be performed using
the Hemopump device. The ultimate application of
the Hemopump awaits further clinical investigation.

Centrifugal pumps have been used to assist the
circulation during CPB and after failure to wean from
CPB. With regard to blood conservation, very few
clinical studies have shown significant harm or ben-
efit from these devices, despite claims from manu-
facturers that these devices may limit postoperative
blood transfusion. Perhaps the biggest potential ad-
vantage of centrifugal pumps will prove to be the
minimal heparin dose required when these devices
are used. 137 Additional clinical information is needed
concerning the efficacy of these newer devices in
limiting postoperative blood transfusion.

Other Interventions
Reinfusion ofShedMediastinal Blood. Direct auto-

transfusion of shed mediastinal blood after CPB is an
established method of salvaging red cells and some
plasma components, being one of the earliest meth-
ods of blood conservation used.'38 Several commer-
cial systems facilitate the collection and reinfusion
of mediastinal blood, without washing, directly into
patients by intravenous infusion. Despite the extent
of clinical commercial interest that exists, there is no
consensus regarding the efficacy of this blood con-
servation method. Several reports suggest signifi-
cant clinical benefit in limiting postoperative blood
transfusion. 139-141 Others suggest no benefit'31"42'148 or
even possible harm from reinfusion of toxic fibri-
nolytic products into the blood stream, 143,144, 14 es-
pecially in aspirin users '43 or in patients who are
given large amounts of autotransfused mediastinal
blood. 144 In view of the increased cost and poten-
tially harmful effects associated with reinfusion of
shed mediastinal blood, this technique cannot be
recommended for routine use in patients expected
to require excessive blood transfusion after opera-
tion.

Autologous Blood Pooling (Hemodilution). One of
the earliest successful methods of blood conserva-
tion used in cardiac surgery was hemodilution with
pooling of autologous blood before CPB and re-
infusion after bypass.14"151' This method has stood
the test of time in that few, if any, harmful side ef-
fects have been reported, and recent studies with
newer perfusion equipment and presumably sicker
patients have confirmed the beneficial effects of
"blood pooling."10,22,152-154 The addition of hypertonic
saline solution to the CPB priming solution seems to
improve the oxygen-carrying capacity in the hemo-
diluted state.'53 This method may have limited use-
fulness in the patient with significant preoperative
anemia or diminished blood volume, which is often
present in the high-risk subset of patients undergo-
ing CPB.'22 Nonetheless, this technique is an inex-
pensive, safe, and usually applicable method to limit
blood transfusion after CPB. Care must be taken to
avoid significant preoperative hypotension from hy-
povolemia, since this may cause ischemic changes
in patients with compromised ventricular function.'54

Autologous Predonation. Numerous reports extol
the worth of predonation of autologous blood in
order to avoid use of homologous blood transfusion
during cardiac procedures.'05'55"-59 The addition of
subcutaneous recombinant human erythropoietin to
the preoperative regimen has enhanced the efficacy
of this technique in reducing the need for transfu-
sion in cardiac patients."1'3"105"158 For a blood conser-
vation intervention that is so widely accepted as
beneficial, it is surprising that so few patients pre-
senting for cardiac operations actually participate in
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a predonation program. During 1993, only 61 of
1,252 (4.9%) patients undergoing open heart surgery
at our institution were able to predonate a minimum
of 1 unit of blood (Fig. 4). Surveys of various autolo-
gous predonation programs have found consistent
underutilization of this modality.160'16, In most cases,
cardiologists and surgeons seem unwilling to delay
operation to allow predonation. The reasons for this
disinclination are unclear, but may involve both a
perception by physicians that the technique has
risks162 and an unfamiliarity with the indications for
and benefits of predonation.'63 The limitations of
predonation include the need for delay of operation
and the uncertain applicability in the highest-risk
patients who may have preoperative decreased
RBCVOL. Nevertheless, autologous predonation is
an important intervention to limit excessive postop-
erative blood transfusion.
Pump Salvage. Intraoperative salvage of blood

from the oxygenator circuit (pump salvage) is a very
cost-effective blood conservation measure that has
been shown to decrease homologous blood require-
ments with very few risks.135 '64-66The risks associ-
ated with reinfusion of shed mediastinal blood (see
above) are not apparent with reinfusion of oxygen-
ator blood immediately after CPB. This is an impor-
tant distinction, since it appears that reinfusion of
shed mediastinal blood that has been exposed to the
proteolytic enzymes within the pericardium causes
a hemostatic defect after CPB.'43"'44"147

Hemofiltration during CPB. Hemofiltration de-
vices are used in series with the CPB circuit to
concentrate the diluted pump blood and to allow re-
infusion of a concentrated whole blood product.
This technique has been compared both to cell sav-
ing'33-'35 and to direct reinfusion of blood remain-
ing in the oxygenator circuit.'35 Hemofiltration has
proved to be better than use of a cell saving device
but equivalent to direct reinfusion (termed pump
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Fig. 4 Blood conservation interventions used in 1,252
patients undergoing operation at Albany Medical Center
in 1993.

salvage in the present review). On the basis of these
studies, incurring the additional expense of hemo-
filtration devices does not seem reasonable when
pump salvage is equally effective and less costly.
Hemofiltration devices have a theoretical advan-
tage, in that the toxic products of CPB (such as some
cytokines) may be removed by these devices.'67
More research needs to be performed before hemo-
filtration can be recommended to limit excessive
blood transfusion.

Conclusions:
Treatment Strategy

Standard perioperative blood conservation measures
have not been totally successful in treating the high-
risk subset of patients who require excessive blood
transfusion; new approaches still need to be devel-
oped (Table III). Understanding that preoperative
anemia and decreased blood volume predispose pa-
tients to excessive postoperative blood transfusion
is a necessary first step. If a patient has diminished
blood volume from anemia or decreased bone mar-
row reserves before surgery, then intraoperative

TABLE 111. Proposed Strategy for Limiting Excessive
Postoperative Blood Transfusion

Recognize Causes of Excessive Transfusion

* Consider impact of preoperative anemia, low RBCVOL,
procedure type, etc.

* Alter unfavorable preoperative variables where possible
(delay operation, withdraw aspirin, encourage erythropoietin-
aided predonation, etc.).

Establish a TQM3` Approach to Excessive Blood
Transfusion

* Monitor institution transfusion practices.

* Emphasize physician education.

* Introduce transfusion algorithms.

Combine Blood Conservation Measures in High-Risk
Patients

* Use a selective multi-factorial approach for high-risk patients.

* Consider aprotinin, pump salvage, and blood pooling with
hemodilution as important components.

* Remember often-overlooked features, including optimizing
heparin dose, adequate post-CPB rewarming, and identifying
aspirin hyperresponders.

* Use real-time laboratory testing in operating room.

Continually Reassess Blood Product Use

* Obtain frequent audits of transfusion practices.

* Perform a cost-benefit analysis of each intervention.

CPB = cardiopulmonary bypass; RBCVOL = red blood cell
volume; TQM = total quality management
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and postoperative 10loo0d conservation measures will
Imleet with limiiited sulccess and mnay even prove
harmful. For patients in whom delay of operation is
possible, it may be best to augment recl blood cell
voltume with erythropoietin and to witlhhold aspirin
therapy lbefore undertaking operative intervention.
Patients in the high-risk Subset may be particularly
susceptible to the effects of platelet-active druLgs
Such aIS aIspirin. Preoperative screening of these pa-
tients with evaluation of bleeding time followed by
clelay of operation in certain aspirin hyperresponcl-
ers may limit excessive blood transfuision.
The next step in reducing excessive 1)1ood1 use

ShouldI be taken at the instituLtional level, using the
principles of total quality management (TQM). This
approach entails first idientifying and quantitating
the transfusion practices at a given institution, then
involving all of the critical health-care providers.
Transfuision algorithnms mnay prove usefuil in this en-
deavor to limit excessive lood transfuLsion.

In addition, after the higlh-risk patient population
has been identified, appropriate, institution-specific
blood conservation meaSures should be uxsed selec-
tively in this grouLp. For perioperative 10loo0( conser-
vation, it is important to establish a multifaceted
approach. including institution-proven moildalities
and aprotinin administration in selected patients.

Finally, continual reassessment of the institution's
transfusion practices is essential, including frequent
audits ancl cost-benefit analyses, with tlhe objective
of adding new features and removing unhelpful
techniques. These steps ShouLld bring uS closer to the
ultimate goal of reducing the excessive 1lo)o10 trans-
fusion that occurs in high-risk cardiac surgical pa-
tients.
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